19 The integrative and conjugative element ICEclc, a prevalent mobile element in 20 proteobacteria, is one of the experimental models for horizontal gene transfer.
the ICE transfer frequency [14] . The growth impairment by parA and shi is thus 111 thought to benefit the overall transfer success of ICEclc by dedicating tc cells to 112 the mission and increasing the chance to contact recipients [14, 17, 18] . However, 113 mechanistic details and cellular dynamics of the inhibition remain unknown.
114
Here we study genetic characteristics of parA and shi and their inhibitory effects 115 on host cell growth. We developed fluorescence reporter strains to visualize downstream genes, parA and parB, respectively. We thus first examined whether 131 the shi gene encodes a protein or acts as a non-coding RNA or a cis-acting element.
132
Two different shi mutants which compromised its translation either by the 133 replacement of the start codon ATG with ACG (shi mt1) or by the substitution of 134 leucine 7 to an opal mutation (shi mt2) were cloned on a vector pME6032 together 135 with parA under the control of LacI q /P tac system. While the induction of wild-type 136 shi with parA led to severe growth impairment, the two mutations restored the 137 growth (Fig. 2 ). This result indicated that shi encodes a protein acting with parA 138 for the growth inhibition. To determine the transcriptional starting site of the 139 parA-shi locus, we performed 5' rapid amplification of cDNA ends (5'RACE) with 140 reverse primers specifically annealing to the parB region. Subcloning and 141 sequencing a specific 1.4-kb 5'RACE product revealed that the transcription 142 started from an adenine 39-base upstream of the alpA gene, encoding a putative 143 transcriptional regulator ( Fig. 1 ). This reveals that the gene cluster at least from 144 alpA to parB are cotranscribed. 
338
The parA-shi-parB locus is highly conserved in other ICEclc-like elements found in 339 many different proteobacteria, such as Acidovorax, Burkholderia, Bordetella, and 340
Pseudomonas species including P. aeruginosa [12, 13] . ParA and ParB encoded on 341 ICEs show high similarity at amino acid sequence level to those for chromosome 342 or plasmid partitioning (Fig. 3) . Nucleotide partition is the most important system 
352
Using fluorescence fusion proteins and microscopic imaging, we here showed that
353
ParA of ICEclc colocalizes with the chromosome of P. putida (Fig. 5 . Furthermore, our superresolution microscopy revealed that Shi 374 proteins favourably localized in the cell membrane (Fig. 5C ). These characteristics 375 suggest that Shi is functionally distinct from HicA toxin, although they might have 376 diverged from a same ancestor.
377
Our time-lapse imaging and quantitative analysis of cellular proliferation at the 378 single-cell level enable us to draw a several conclusions about the basic principles 379 of growth impairment by ParA and Shi. First, we clearly showed that ParA and Shi 380 impair the growth of P. putida by blocking cellular division rather than elongation 381 ( Fig. 7) . We then developed a simple model to explain the cellular proliferation of 382 free-living bacteria (Fig. 8 , see Materials and Methods). Our numerical simulation 383 using the mathematical model rationally shows that the division blocking model 384 proposed in our experiments is feasible to explain the growth dynamics of P.
putida cells with IPTG induction: increase of doubling time and cell length by ParA 386 and Shi expression result from their disturbance of cellular division process rather 387 than elongation process (Fig. 8) . Intriguingly, we also found that the intrinsic 388 variance in elongation rate is generally larger than that in cell length among P.
389 putida cells (Fig. S3 ). Although it is too early to conclude that this observation is 390 common in any free-living bacteria, it suggests that the cellular length or the 391 timing of cell division are more strictly controlled than the elongation rate in this 392 species. Moreover, it is noteworthy that growth dynamics and inhibitory effect 393 obviously change by increasing intracellular levels of ParA and Shi. We found that, 394 although the cell division is the main process blocked by ParA and Shi, the 395 elongation is gradually, yet not drastically as an entire period, interfered by ParA 396 and Shi expression ( Fig. 9) assumed that a cell length (L) extends linearly at constant rate, ΔL 0, (eq. 1) based 582 on the time-lapse observations (Fig. 7) . In broad range of the prokaryotes and (eq. 1) (eq. 2) (eq. 3) unicellular eukaryote, a cellular division event is thought to closely couple to their 584 length or size [46, 47] , and thus a cell should extend to a proper length threshold 585 before its division event by monitoring its size or increment from birth [48] . For 586 simplicity, here we assume that the rate of synthesis or formation of division 587 machinery (dD / dt) is proportional to the rate of cell extension (dL / dt) (eq. 2), 588 and the cell divides into two progenies when the certain quantity of the division 589 machineries accumulate in individual cell (D > D m ). After the division, a cell body 590 and division machineries are thought to be equally distributed, and thus the length 591 and the amount of division machinery becomes half of the original quantity in the 592 model (L t+1 = 1 /2 L t , D t+1 = 1 /2 D t ) ( Fig. 8A ). We also introduced the concentration 593 of the proteins (i.e. ParA and Shi) as variable P (eq. 3), and its negative effect on 594 both elongation and division processes (eq. 1 and 3). Given that the concentration 595 of the both two proteins almost constantly increased in the presence of IPTG ( Fig.   596 6C), the protein production rate can be assumed to be constant (denoted as Δp 0 ) 597 in the model. We also could suppose that the concentration of those proteins is not 598 affected by cell division (i.e. P t+1 = P t + Δp 0 ). In addition, we found that there were 599 originally heterogeneous characteristics in the cellular elongation rate and the 600 division timing (i.e. cell length before the division) independent of the expressions 601 of the proteins (Fig. 6 and 7, and Fig. S3 ), and we defined the two parameters, ΔL 0 602 and Δd 0 , as probability distribution functions based on the quantitated 603 experimental data from time-lapse measurements (see Fig. S3 ). 
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Figure legends
